In many types of tissue and culture cells, the interiors of adjacent cells communicate with each other through cell-to-cell channels. The fine structure of the cell-to-cell channel has been well studied and defined as a gap junction which consists of six identical, rod-shaped protein subunits [59] . This transmembrane channel permits free exchange of ions and small molecules between contacting cells [53] . This type of interaction between cells has been called "gap junctional
I. CELL COMMUNICATION IN CANCER CELLS
Investigation of cell communication in cancer cells was first made in rat liver tumors including primary, Morris and Novikoff hepatomas by electrophysiological methods [35] . Subsequently, similar studies were performed in transplanted rat and hamster thyroid tumors [24] and human stomach carcinoma [28] . These earlier studies showed a lack or a decrease of cell communication between contacting cancer cells, indicating the predominance of communication-incompetent cells in malignant tumors. A solid tumor, which was developed by transplantation of MH 134 cells into the subcutaneous space of C3H/He mice showed a decreased level of communication as revealed by electrical coupling. The decrease of cell communication appeared to correlate with the characteristics of metastasis in the case of MH 134 cells [23] . In benign tumors, such as human follicular adenoma, human diffuse toxic goiter and nontoxic nodular goiter, con-tacting cells were predominantly communicating [24] . Benign tumors consist of normal cells as well as tumor cells and therefore cellular communication observed in these tumors may be not of tumor cells but of normal cells. However, the possibility that benign tumor cells themselves maintain communicating ability is not excluded [24] .
In an in vitro culture system, individual cells can be directly and clearly visualized under a microscope. Therefore, cell communication of cancer cells is usually examined in in vitro culture. The first results of such studies were obtained from cultured hepatoma [2] . These cells were found not to be electrically communicating, and no transfer of a fluorescent tracer was detected between adjacent cells [1] . On the other hand, electrical communication-competent cells were reported in primary cultured cells of Sarcoma 180, Novikoff hepatoma, and Morris hepatoma 3924-A and 7777 [51] . However, it is still not clear whether all aspects of cell communication are normal in these tumor cells because low electrical resistances between contacting cells found in these tumors do not always mean the presence of cell-to-cell transfer of relatively large molecules across the junctional membrane. A review on the communication competence of cancerous cell was previously published in 1979 [33] .
Many studies on communication between cells have given conflicting results; some cancer cells show no or decreased intercellular communication, and others have communication capacity. These indicate that all cancer cells do not always lose the ability for cell communication. Most of these studies were performed focusing on cell communication between homologous cells. In order to elucidate the role of cell communication in cancer induction (carcinogenesis), it is important to study cell communication between cancerous and surrounding normal cells as well as homologous cells, because a cancer cell may grow clonally in tissues, overcoming growth control via cell-to-cell interaction.
II. CELL COMMUNICATION IN TWO-STAGE CARCINOGENESIS
It has been shown during the past twenty years that the process of cancer induction, both in experimental animals and in human beings, involves not only genetic but also epigenetic alterations of cells. This suggests that cancer may result from continuous interaction of target cells with environmental and physiological factors. Each factor must play a crucial role in the processes of carcinogenesis.
The idea that the process of carcinogenesis is divided into at least two different stages was first obtained from studies of mouse skin carcinogenesis [5] . This concept is based on the following experiments. Chemicals such as methylcholantherene, which are usually mutagenic, induce tumors or cancer in mouse skin when applied repeatedly. On the contrary, a single application of a low dose of these chemicals does not induce any tumors or cancer. However, if a chemical, represented by 12-0-tetradecanoylphorbol-l3-acetate (TPA), is applied sub-sequently after a single treatment with a mutagenic chemical, tumors are frequently induced on mouse skin. The action of TPA is effective even several months after application of a mutagenic chemical. The application of TPA alone does not produce any tumors on mouse skin. These facts led us to two important ideas : 1) since the application of mutagenic chemicals is a prerequisite for tumor induction by TPA and the effect of these chemicals is conserved for a long time, the chemicals may induce a genetic event (presumably a gene mutation) in target cells; and 2) since TPA induces tumors only in tissues which were previously treated with mutagenic chemicals and its effect is reversible upon the cessation of its application, the interaction of this chemical with target cells is not genetic but epigenetic. These genetic and epigenetic processes of tumor induction are called initiation and promotion of carcinogenesis, respectively. The chemicals that act on each process are called tumor initiators and promoters. Such two-stage carcinogenesis has also been demonstrated in rat liver and bladder.
The mechanism by which a tumor promoter enhances the appearance of tumors in initiator-treated tissues is so far not clearly understood. However, some biochemically and biologically important events are induced by tumor promoting agents, phorbol ester tumor promoters. These include activation of the Na+/K+ ATPase [3] , inhibition of cell differentiation [64] and intercellular communication [41, 68] and direct activation of Cat+/phospholipid-dependent protein kinase (protein kinase C) [7] . Among these phorbol ester-induced phenomena, its interaction with the cell membrane is important because phorbol ester has receptors on the cell membrane [9] . Gap junctional intercellular communication is considered to be essential for cell-cell interaction and to play an important role in the control of cell growth and differentiation [33, 64] . Therefore, its alteration in the process of carcinogenesis has been extensively studied [33, 64] . The study of cell-cell interaction including cell communication in carcinogenesis may provide an understanding of the cellular mechanism of carcinogenesis.
i) Inhibition by phorbol esters of cell communication between culture cells
Evidence that phorbol ester tumor promoters inhibit gap junctional cell communication was first obtained independently by YoTTI et al. [68] and MURRAY and FITZGERALD [41] , using the metabolic cooperation method (an assay of exchange of nucleotides between cells). Thereafter, several laboratories confirmed phorbol ester-mediated inhibition of cell communication of various cultured cells including human cells [12, 16, 18, 31, 39 ]. An electrophysiological method was used by us in order to examine whether phorbol ester tumor promoters inhibited the transfer of ions (electrical coupling) between human amniotic FL cells [12] .
The potent tumor promoter, TPA, rapidly and reversibly inhibited electrical coupling between human amniotic FL cells [12] . One phorbol derivative, phorbol-12,13-didecanoate (PDD), which is a potentially active promoter in addition to TPA, also inhibited electrical coupling to an extent similar to that of TPA. A weak promoter, mezerein, induced inhibition but its effect was weaker than that of TPA. Phorbol and 4a-PDD had no effect, consistent with their lack of promoting activity in mouse skin carcinogenesis [20] . None of the phorbol derivatives changes other electrical characters of the membrane, such as membrane potential and input resistance of FL cells, suggesting that tumor promoters do not change the electrophysiological membrane properties of FL cells but specifically affect cell coupling [12] . The capacity of phorbol esters to inhibit electrical coupling is well correlated with their promoting activity in mouse skin [12] .
Actions of phorbol esters are usually reversible both in vivo and in vitro [5] . Electrical coupling is also recovered upon removal of TPA and previously established coupling is inhibited by retreatment with TPA, indicating that TPA can reversibly inhibit not only the formation but also the maintenance of electrical coupling between FL cells [12] .
Since phorbol esters induce various biological effects at low concentrations (10-8-10_7 M) similar to those of hormones, it has been proposed that cells have a receptor for phorbol ester [63] . In 1980, Blumberg's group clearly showed its existence in cells using a tritiated phorbol derivative, [3H]phorbol-dibutyrate
and this was confirmed in various cells and tissues [10, 52] . Phorbol ester-binding sites were also confirmed in FL cells: they had a dissociation constant of 15.4 nM, and about 3 x 105 PDBu molecules were bound to each cell at the saturation concentration [65] . The binding of [3H]-PDBu to FL cells was inhibited by TPA, PDD, and mezerein, whereas phorbol and 4a-PDD had no effect [65] . There is a close correlation between the ability of phorbol derivatives to inhibit [3H]-PDBu binding and their capacity to inhibit intercellular communication. These results suggest that phorbol esters inhibit electrical cell coupling through binding to its cellular receptors. The inhibition of cell communication by phorbol esters has been confirmed in Balb/c 3T3 cells, which have high communication capacity, by dye transfer methods [11, 66] . FITZGERALD et al. [16] and FRIEDMAN and STEINBERG [18] also observed TPA-mediated inhibition of dye transfer in mouse epidermal and human colon epithelial cells.
To date, the inhibition of cell communication by phorbol esters has been confirmed in many cell types by means of electrical coupling, dye transfer and metabolic cooperation methods, and all cells examined have been shown to have phorbol ester receptors [11, 16, 18, 31, 39, 68] . This suggests that phorbol esters induce the inhibition of cell communication through binding to cellular receptors. Nishizuka's group has recently shown that phorbol esters directly bind to and activate protein kinase C, which is an enzyme for protein phosphorylation, and they have suggested that protein kinase C itself may be the phorbol ester receptor [7, 43] . It is likely that phorbol esters may induce the inhibition of cell communication by activating the protein kinase.
ii) Evidence for the involvement of blocked cell communication in the later stage (promotion) of in vitro carcinogenesis It has been observed in several culture cell lines that inhibition of cell communication by phorbol esters occurs rapidly, but recovers even in the presence of phorbol esters [15, 16, 18, 19, 31, 39] . Moreover, DORMAN et al. [8] found no correlation between the dose of TPA required for in vitro promotion of cell transformation and inhibition of intercellular communication in C3H1OT1/2 cells. They further showed that inhibition of cell communication by phorbol esters was transient. They concluded that inhibition of cell communication was not a sufficient event for promotion of malignant transformation in these cells. This has cast doubt on the hypothesis that tumor promoter-mediated inhibition of cell communication has an important role in the process of carcinogenesis, since the production of cancer by a tumor promoter requires long-term and frequent application.
However, ENOMOTO and YAMASAKI [14] have recently shown in a Balb/c 3T3 cell transformation system that the effect of phorbol esters on cell communication is highly dependent on the growth phase of the target cells. Thus, when cells are in the growing phase, the inhibition by TPA of dye transfer between Balb/c 3T3 cells is complete but transient. However, when these TPA-treated cells are further cultured with TPA beyond confluence, at which phase the cells stop growing, the capacity of the cells to transfer dye is inhibited continuously for several weeks of culture [14] . They further showed a good correlation between the continuous inhibition of cell communication and enhancement of malignant cell transformation of Balb/c 3T3 cells by phorbol esters [14] . From these results, they concluded that continuously blocked cell communication at confluence, rather than transient inhibition during the growing phase, might play an important role in the promotion of in vitro carcinogenesis of Balb/c 3T3 cells. Their results seem to explain the transient nature of TPA-mediated inhibition of cell communication and the discrepancy with TPA-induced enhancement of cell transformation which has been observed by several other investigators [15, 16, 18, 19, 31, 39] .
Furhter evidence that shows close correlation between inhibition of cell communication and in vitro cell transformation has been obtained from a study on two variant cell lines which have different sensitivity to carcinogen-induced cell transformation [66] . These cell lines were isolated from Balb/c 3T3 A31 by KAKUNAGA and CROW [26] . One, which is called the Balb/c 3T3 A31-1-13 cell line, is highly sensitive to carcinogen (UV and benzo(a)pyrene)-induced malignant cell transformation. The other one is the Balb/c 3T3 A31-1-8 cell line, which is resistant to carcinogen-induced cell transformation. The sensitivity of 1-13 cells to carcinogen-induced transformation is about 100 times higher than that of 1-8 cells [26] . They further showed that these variant cell lines had similar sensitivities to carcinogen-induced gene mutation, and suggested that the differ-ence of these variants in their reaction to carcinogen was not based on initiation level (gene mutation) but rather on the later stage (promotion and progression) of malignant cell transformation [26] .
Based on these early observations, we have investigated whether these cell lines exhibit a different capacity for intercellular communication under conditions similar to those in which cell transformation occurs, i.e., long-term culture at confluence (growth arrest by cell-cell contact) [66] . When cells were in the growing phase, both clonal cells showed a similar high communicating capacity. However, when they reached confluence, the communication capacity of these two lines differed: 1-13 cells (sensitive) lost their communication, while 1-8 cells (resistant) continued to communicate with each other even at confluence. Thus, there is a correlation between the loss of cell communication and the transformation sensitivity of these cell lines. These observations seem to suggest that an intrinsic difference in their capacity to maintain intercellular communication may be an important determinant of the difference of sensitivity of these variant cells to carcinogen-induced cell transformation [66] .
The mechanism by which the transformation-sensitive variant cell line (1-13 cell) and phorbol ester-treated cells lose their capacity for intercellular communication at confluence is so far unclear. Since it is known that a Balb/c 3T3 strain loses communication capacity at confluent culture and this is accompanied by a decrease of intracellular cAMP content [34] , the continuous decrease of cell communication in 1-13 and phorbol ester-treated Balb/c 3T3 cells may be due to a decrease of cAMP in these cells. This seems to be supported by the fact that cell communication of 1-13 and phorbol ester-treated cells can be recovered by the addition of dbcAMP [66] . In view of carcinogenesis, the continuous blockage of cell communication seems to be very important, since transformed and cancerous cells appear only after a long latency in in vitro culture and in tissue in which each cell is in tight contact with others and very few cells are dividing.
iii) cAMP protection of phorbol ester-mediated inhibition of cell communication Induction of mouse skin tumor by phorbol esters is suppressed by chemicals that enhance intracellular cAMP content [54] . Moreover, it has been shown that cAMP induces great enhancement of gap junctional communication of cultured cells [15] . This suggests the possibility that cAMP and its enhancers may suppress the phorbol ester-induction of tumor by protecting phorbol ester-mediated inhibition of cell communication. To test this possibility, we investigated the effect of cAMP on cell communication of Balb/c 3T3 and FL cells, and on its inhibition by phorbol esters [11, 27] . It was confirmed by us that cAMP induced enhancement of intercellular communication between Balb/c 3T3 cells [11] . Moreover, we observed that CAMP completely protected the TPA-mediated inhibition of dye transfer between Balb/c 3T3 cells [11] . This protective effect was not observed in medium containing caffeine or sodium butyrate, indicating that the protection against TPA-mediated inhibition of dye transfer was due to cAMP itself. cAMP protection of TPA-mediated inhibition of cell communication was also observed by the electrophysiological method (electrical coupling) [27] . Inhibitors of protein de novo synthesis, cycloheximide and puromycin, inhibited both enhancement of cell communication by cAMP and cAMP-mediated protection against the TPA effect [11]. This observation indicates that cAMP-mediated restoration from TPA inhibition of cell communication requires de novo protein synthesis. FLAGG-NEWTON et al. [17] previously reported that the increase of cell communication caused by cAMP was associated with an increase in the number of gap junctional membrane particles, and that this effect of CAMP was blocked by the presence of cycloheximide or puromycin. It seems that cAMP restores intercellular communication of TPA-treated cells through inducing new synthesis of gap junctional proteins. We have recently observed that a tumor promotion inhibitor, retinoic acid (a vitamin A analog), also restores TPA-mediated inhibition of cell communication between Balb/c 3T3 cells [64] . It is therefore suggested that some tumor promotion inhibitors may inhibit tumor promotion through restoring cell communication of target cells.
III. REGULATION OF CELL COMMUNICATION AND CELL GROWTH
-RELEVANCE TO CARCINOGENESISNow, phorbol esters, which have been repeatedly demonstrated to be involved in carcinogenesis, have been extensively shown to inhibit intercellular communication, as revealed by electrical coupling [12] , dye transfer [11] and metabolic cooperation methods [41, 68] . This strongly supports the hypothesis that intercellular communication plays an important role in cell growth and differentiation [33, 64] . Although cancer cells often lose or decrease their capacity to communicate with homologous cells [33] , it is also true that many cancerous and tumorigenic cells have a capacity to communicate with homologous cells [1, 13, 25] . It was recently pointed out that the lack of communication between cancerous and surrounding normal cells may be more important than their communication with homologous cells [13, 64] . Particularly, in the case of multistage carcinogenesis, the blockage of intercellular communication between initiated (presumably mutated) and surrounding normal cells might be essential events because tumor promoter reinforces clonal growth of initiated cells in the target tissue where an initiated cell is originally surrounded by neighboring normal cells [11, 14, 58, 64] .
Some mechanisms for the physiological regulation of gap junctional cell communication have been proposed [33, 34, 45] . Ca2+ and pH-mediated regulation of cell communication has been described in detail in other papers [46, 55] . Here, I will discuss possible regulation systems of gap junctional communication by two protein kinases and cell adhesion molecules. Further, the control of cell growth and differentiation by gap junction permeable molecules will be discussed. i) Dual regulation of gap junctional communication by cAMP-dependent and Cat+/phospholipid dependent protein kinases Tumor promoters of the phorbol ester family have been shown to bind to and directly activate Ca2+/phospholipid-dependent kinase (protein kinase C) which is activated by diacylglycerols in the presence of phospholipid and physiological concentrations of Ca2+ [7] . Recent studies have shown that homogeneous preparations of protein kinase C from rat brain bind to [3H]-phorbol-12,13-dibutyrate [30] and that diacylglycerols compete with this radioactive ligand for common binding sites [50] . Moreover, diacylglycerol has been shown to exert stimulation on DNA synthesis [49] , induction of differentiation of HL-60 cells [36] , and inhibition of intercellular communication [15, 19] , which are also induced by phorbol ester tumor promoters. Thus, it is hypothesized that diacylglycerols generated by phospholipid breakdown may represent the endogenous analogs of the phorbol ester tumor promoters. The fact that both phorbol ester and diacylglycerol induce rapid inhibition of gap junctional cell communication immediately leads us to the idea that receptor-mediated activation of this protein kinase may be involved in negative control of gap junctional communication [15, 19] .
cAMP has been shown to exert its biological action through activating cAMPdependent protein kinase (kinase-A) [57] . As shown previously, CAMP greatly enhances the cell communication capacity of cultured cells, which may be due to the activation of this kinase by cAMP and subsequent induction of de novo synthesis of gap junction proteins. Indeed, it has been demonstrated that when cAMP-dependent kinase-deficient cells are injected with the kinase proteins, cells become able to communicate upon the addition of cAMP [62] . This observation strongly suggests that the enhancement of cell communication by CAMP is mediated by cAMP-dependent kinase.
These observations also seem to indicate the existence of two (positive and negative) control systems via these kinases for intercellular communication. The activators of both kinases, cAMP and diacylglycerol are synthesized through the activation of certain membrane receptors: 1) diacylglycerol is generated through enzymatic breakdown of phosphatidylinositol by the binding of extracellular messengers, such as trombin and collagen, to receptors and by subsequent activation of phospholipase C; 2) CAMP is produced mainly by the activation of adenylate cyclase by hormones. Therefore, physiological factors that affect the activity of these receptors and kinases could modulate gap junctional communication. Interestingly, intracellular cAMP can inhibit diacylglycerolmediated activation of protein kinase C through blocking receptor-mediated synthesis of diacylglycerol [43, 57] . On the other hand, phorbol esters inhibit an increase of CAMP by the stimulation of jS-adrenergic receptor [40] . Thus, it is suggested that the extensive disturbance of one or both of them may result in the alteration of harmonious cell communication in the cell community, which may be involved in one step of multi-stage carcinogenesis [64] .
ii) Regulation of cell communication by cell adhesion molecules Cell-to-cell adhesion is a prerequisite for the formation of gap junctional cell communication. Therefore, cell adhesion molecules must modulate the formation of cell communication between cells. Such adhesion molecules have been extensively studied by Takeichi's group [67] . They have recently isolated Catdependent adhesion molecules and developed monoclonal antibody against the molecules. More recently, it has been observed that this antibody inhibits cell communication between teratocarcinoma cells [29] . Furthermore, cells transformed in situ have been shown not to communicate with surrounding normal cells although both transformed and normal cells can communicate with homologous cells [13] , suggesting that cell recognition between transformed and normal cells is affected during malignant cell transformation. Since the alteration and decrease of cell adhesion in cancer cells is often observed, the modulation of cell communication by cell adhesion molecules might be one important event during carcinogenesis.
iii) Gap junction permeable molecules that relate to growth regulation via cell communication The appearance of cancer in an animal body is a process during which normal cells lose harmonious growth control. To understand the mechanism, therefore, all factors and systems responsible for growth and differentiation must be studied. Growth control via cell communication will be one of those.
How does gap junctional intercellular communication regulate cell growth and differentiation? Only molecules with molecular weight of less than 1,000 dalton can be transferred from cell to cell through the gap junction. These may include ions, such as Na+ and K+, and nucleotides and cyclic nucleotides, such as cAMP.
Intracellular content of Na+ and K+ is mainly regulated by the Na+/K+ ATPase, and in some cases the Na+/H+, antiport in cell membranes, whose activities have been shown to be activated by phorbol ester tumor promoters and growth factors such as platelet-derived growth factor [6, 22, 37, 38, 44, 56, 60] . There is evidence that Na+/K+ ATPase activation is linked to the enhancement of cell growth and of TPA-mediated transformation in C3HIOT1/2 cells, and that a tumor promotion inhibitor, retinoic acid, inhibits TPA-mediated activation of the Na+/K+ ATPase in C3H10T1/2 [3] . Moreover, Yuspa's group has recently shown evidence that the terminal differentiation of mouse skin epidermal cells is promoted by an increase of intracellular K+ content [21] . There is also additional evidence that the changes of intracellular Na+ and K+ contents are closely related to cell growth [4$, 61] . Such signals may pass through the gap junction and trigger cell growth and differentiation.
cAMP, which has been repeatedly shown to play a crucial role in cell growth and differentiation [4] , has a molecular size small enough to pass through the gap junction. LAWRENCE et al. have observed that in co-cultures of ovarian granulosa cells and myocardial cells, follicular stimulating hormone (FSH), which is specific for ovarian granulosa cells, causes an elevation of beat frequency of myocardial cells which is also induced by the addition of dbcAMP alone [32] . Murray and Fletcher also showed that the exposure of a co-culture of Y-1 adrenocortical cells and ovarian granulosa cells to FSH resulted in the dissociation of cAMP-dependent protein kinase complex in Y-1 cells as well as ovarian granulosa cells, which was mediated by cAMP [42] . These observations strongly suggest that cAMP produced in hormone-responsive cells may be transferred into neighboring heterologous cells, and elicits these biological responses because both responses are mediated by cAMP itself [32, 42] . If CAMP could pass through the gap junction, it may play important roles in regulation of both cell communication and cell growth [4, 34] .
If the phenomena mentioned above occur in tissues, the blockage of intercellular communication by exogenous and endogenous factors may lead a cell to lose harmonious function with surrounding cells. In this context, cell communication may play a crucial role in human and animal carcinogenesis.
SUMMARY
In this paper, recent studies on the role of cell communication in cancer induction, particularly in two-stage carcinogenesis, were reviewed. Cell communication has been proposed to play an important role in cell growth and differentiation since its discovery. The recent finding that tumor promoters inhibit cell communication supports this possibility. The inhibition of cell communication by phorbol ester tumor promoters was also shown to correlate with enhancement of in vitro carcinogenesis in Balb/c 3T3 cells. This strongly suggests that the blocked cell communication may play a crucial causative role in the process of carcinogenesis.
Accumulated evidence indicates that phorbol ester may induce blockage of cell communication through binding to its membrane receptor which is presumably Cat+/phospholipid-dependent kinase. CAMP enhances cell communication and protects its inhibition by phorbol ester, presumably through activating cAMPdependent kinase. This indicates the possibility that the two kinases may be key elements for physiological regulation of cell communication. It is proposed that the disturbance of the kinase systems by endogenous and exogenous factors may be responsible for the promotion phase of cancer induction.
However, the true physiological role of cell communication in carcinogenesis remains to be demonstrated more directly. Especially, what kinds of molecules can pass through the gap junction and regulate cell functions in a cell community must be challenged in future. Some such molecules were speculatively described in this review.
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